P
lant biomass is the most abundant terrestrial carbon source, and its deconstruction and subsequent catabolism are key components of global carbon cycling (1, 2) . The majority of the energy in plant biomass is stored in plant cell walls, primarily in the recalcitrant polysaccharides cellulose and hemicellulose. Efficient breakdown of these insoluble polymers is difficult, and only a limited number of bacteria and fungi have this capability (3) . Microbial decomposition in the soil is the primary pathway for carbon stored in terrestrial plant biomass to be returned to the atmosphere (1) . Symbiotic cellulolytic microbes associated with a wide variety of herbivores also make significant contributions to global carbon flux (4) . However, our molecular and biochemical understanding of how microbes deconstruct plant biomass is largely limited to a few model cellulolytic organisms (3, (5) (6) (7) (8) (9) .
Actinobacteria in the genus Streptomyces are well represented in both culture-based and culture-independent studies of soil biodiversity (10) . These bacteria are generally thought to make important contributions to the carbon cycle through the decomposition of plant biomass and other biopolymers. However, individual cellulose-degrading enzymes have been isolated and biochemically tested for only a few strains (11) (12) (13) (14) (15) . Genome-wide transcriptomic analyses have been completed for Streptomyces coelicolor and S. griseus, but not for these organisms grown on plant biomass as the carbon source (16) (17) (18) . Very few Streptomyces strains have been shown to efficiently degrade crystalline cellulose (11) , and fewer still have been analyzed at the molecular, biochemical, or system-wide level to identify key biomass-degrading enzymes.
Streptomyces organisms associated with a variety of insects that feed on living trees and dead wood have been demonstrated to deconstruct plant biomass and pure cellulose with high specific activity (19) (20) (21) (22) . Two distinct digestive models have emerged for insect-associated Streptomyces. In the internal digestive model, Streptomyces bacteria in the insect gut secrete enzymes to aid in digestion of recalcitrant plant biomass (21, 22) . In the external digestive system model, Streptomyces, likely in combination with other bacteria and fungi, is inoculated directly into living pine trees during oviposition; bark beetles and woodwasps are insects that use this model (20, (23) (24) (25) . The external microbial community inoculated into the pine tree by the insect secretes biomassdegrading enzymes that deconstruct plant cell walls and thus facilitate energy accumulation by the developing larvae inside the tree (26) . Streptomyces sp. strain SirexAA-E (SACTE) is a cellulolytic strain that was isolated from the pine-boring woodwasp Sirex noctilio and fits into the external digestive model of insect-Streptomyces interactions (20) . SACTE produces and secretes a suite of enzymes that efficiently deconstruct lignocellulosic plant biomass into small polysaccharides and free sugars (19) . Genome-wide transcriptomic and proteomic analyses showed that coordinated expression and secretion of select enzymes were tailored to the carbon sources present in the growth medium (19) . In contrast to previous microarray-based transcriptomic analysis of SACTE, in this study, we used RNA-sequencing techniques and data analysis to compare gene expression between multiple strains of Streptomyces.
In this study, we characterized four strains of Streptomyces isolated from insects which, in combination with their host's symbiotic microbial community, feed on pine trees. These four strains come from insects that span two taxonomic orders and have a broad geographic distribution: the mountain pine beetle (Dendroctonus ponderosae), the southern pine beetle (Dendroctonus frontalis), and the Sirex woodwasp (Sirex noctilio) ( Fig. 1A ; see also Fig. S1 in the supplemental material). Isolation of three of these Streptomyces stains has been previously reported: SirexAA-E (SACTE) and SirexAA-G (SACTG) from the Sirex woodwasp (20) and SPB74 from the southern pine beetle (23) . A fourth Streptomyces strain, DpondAA-B6 (SDPB6), was isolated from an adult mountain pine beetle collected from a naturally attacked Pinus contorta tree near Mackenzie, British Columbia, Canada (Fig. 1A) . Comparative genomics provided insight into the phylogenetic relationships of the Streptomyces strains from these different insect hosts and their genomic potential to degrade plant polymers. Microbiology, biochemistry, and next-generation sequencing were used to characterize the molecular responses of these organisms during growth on biomass and plant polysaccharides. Genes that were differentially expressed in response to growth on plant biomass versus glucose as a sole carbon source in the medium were identified by transcriptome sequencing (RNA-Seq), and proteins that were secreted during growth were identified using mass spectrometry. Together, these results provide new insight into how highly cellulolytic Streptomyces strains contribute to deconstruction of plant biomass in insect-herbivore systems.
MATERIALS AND METHODS
Isolation of Streptomyces. The isolation of Streptomyces strains SirexAA-E (SACTE; NCBI Taxonomy identification number [ID] 862751), SirexAA-G (SACTG; NCBI Taxonomy ID 683219) (20) , and SPB74 (NCBI Taxonomy ID 465543) (23) was previously reported. Streptomyces sp. DpondAA-B6 (SDPB6; NCBI Taxonomy ID 682311) was isolated from samples of D. ponderosae adults collected from naturally attacked P. contorta trees near Mackenzie, British Columbia, Canada (27) . Adult insects were surface sterilized in 95% ethanol for 1 min, rinsed twice in sterile phosphate-buffered solution (PBS), and homogenized in PBS, and dilutions were spread onto agar plates supplemented with chitin. Bacteria were isolated and maintained on yeast malt extract agar (YMEA) plates (Difco).
Culturing of organisms. Strains were grown in M63 minimal medium at pH 6.8 containing, per 1 liter, 10.72 g of K 2 HPO 4 , 5.24 g of KH 2 PO 4 , 2 g of (NH 4 ) 2 SO 4 , 0.5 ml of an iron solution (1 mg of FeSO 4 dissolved in 1 ml of 0.01 M HCl), 1 ml of 1 M MgSO 4 , 1 ml of thiamine (1 mg/ml), and 5 ml of trace element solution (SPV-4 with Fe III -citrate substituted for Fe II -chloride [28] Collection sites for individual insects and their associated Streptomyces strains are indicated. (B) Streptomyces organisms from these pine-boring insects were grown in minimal medium with cellulose filter paper as the sole carbon source. (C) Quantification of cellulose filter paper deconstruction in cultures grown for 10 days. Data represent the means Ϯ SDs from at least three experiments; lowercase letters represent statistically significant differences between strains (Tukey-Kramer method; P Ͻ 0.01).
paper (GE Healthcare Life Sciences, Pittsburgh, PA) as the sole carbon source. After 10 days of growth, residual cellulose concentrations were determined using an acid-detergent fiber method modified from the work of Weimer et al. (29) . Briefly, 16 ml of acid detergent (30) was added to each culture. Tubes were crimp sealed with flanged rubber stoppers and autoclaved for 45 min at 121°C. One at a time, the tubes were vented, decapped, and immediately vacuum filtered through preweighed glass microfiber filters (Whatman GF/D, 2.7-m pore size [GE Healthcare Life Sciences, Pittsburgh, PA]). Then, filters were washed liberally with hot water. Filters were dried at 105°C overnight and reweighed immediately after removal from the oven. Net cellulose loss was calculated by subtracting the final residual cellulose mass from initial cellulose mass. This value was then divided by the initial cellulose mass to calculate percent cellulose degraded and corrected to account for cellulose and water loss in uninoculated samples.
Genomic sequencing and phylogenetic analysis. Genome sequences were previously described for SACTE (Gold ID Gc01941) and SACTG (Gold ID Gi06834) (19, 20) . A high-quality draft genome sequence for Streptomyces sp. DpondAA-B6 was determined at the Joint Genome Institute (JGI) using Illumina HiSeq2000 (Gold ID Gi0022546). All general aspects of library construction and sequencing performed at the Joint Genome Institute can be found at http://www.jgi.doe.gov/. The genome of SPB74 was generated at the Broad Institute (Gold ID Gi02993). Genome annotations were generated at JGI and the Broad Institute. Putative carbohydrate-active enzyme (CAZy) gene annotations were generated (19) . Putative antiSMASH annotations were generated by uploading genomes to the antiSMASH online annotation server (31) .
For multilocus phylogenetic analysis, proteins from all genomes included in the phylogeny were predicted using Prodigal and annotated using HMMer 3.0 models provided in TIGRfam 13.0, curated using the provided score cutoffs (32) (33) (34) . A total of 646 TIGRfam families were found to be present in all 17 genomes (see Data Set S1 in the supplemental material). The protein sequences of each family from each genome were aligned using the MAFFT 7.029 FFT-NS-i algorithm (35) . If more than one protein from a single family was found in a genome, the protein with the highest bit score, i.e., best match to the respective HMMer model, was chosen as the representative ortholog. The protein sequences were then reverse translated to their respective DNA sequence, and all alignments were concatenated. The phylogeny was generated using RAxML 7.2.6 with the GTRGAMMA substitution model and 100 rapid bootstrap replicates (36) .
Preparation of secretomes. Supernatants were prepared from growing cultures by centrifuging the culture medium for 15 min at 5,125 ϫ g to remove insoluble polysaccharides and cells. The supernatant fraction was then passed through a 0.22-m polyethersulfone (PES) membrane filter (GE Healthcare Life Sciences, Pittsburgh, PA) to remove remaining cells. For enzymatic assays, the supernatants were concentrated using a 10-kDacutoff PES membrane (Sartorius Stedim, NY). The concentration of secreted protein was determined by Bio-Rad protein assay.
Enzyme activity measurements. Reducing-sugar assays were carried out by mixing concentrated (1 mg/ml) Streptomyces secretome preparations with polysaccharide-containing substrates. Control secretomes were prepared with Spezyme CP (Genencor), an industrial cellulolytic enzyme cocktail. Polysaccharide substrates include Whatman no. 1 filter paper (GE Healthcare Life Sciences, Pittsburgh, PA), Sigmacell-20 (Sigma-Aldrich, St. Louis, MO), cellulose III (a generous gift from Bruce Dale at Michigan State University, East Lansing, MI [37] ), phosphoric acid-swollen cellulose (PASC) (38) , birch wood xylan (Sigma-Aldrich), D-mannan (Megazyme, Ireland), corn stover (GLBRC 2009 Corn Stover), AFEXpretreated corn stover (GLBRC Corn Stover UW 2009 AFEX, AFEX ID 712-192), and ionic-liquid pretreated switchgrass (a generous gift from Department of Energy Joint Bioenergy Institute, CA). Enzyme hydrolysis reactions were carried out using 0.1 mg/ml of secretome protein in 0.1 M sodium phosphate, pH 6, containing the different substrates (10 mg/ml) at 40°C for 20 h. Reducing-sugar content was determined by the dinitrosalicylic acid (DNS) assay (39) . Glucose was used as the standard to quantify the amount of reducing ends produced.
Extracellular proteomics. Extracellular proteins from culture supernatants were precipitated by trichloroacetic acid (TCA) precipitation of 100 ng of total secreted protein from 7-day-old culture supernatants. Protein samples were digested with trypsin (sequencing grade; Promega, Madison, WI) and desalted using C 18 pipette tips (Millipore, Billerica, MA). High-energy collision dissociation mass spectrometry employing capillary liquid chromatography-tandem mass spectrometry (LC-MS/ MS) was performed on an electrospray ionization FT/ion-trap mass spectrometer (LTQ Orbitrap XL; Thermo Fisher Scientific, San Jose, CA) in the University of Wisconsin-Madison Biotechnology Center (Madison, WI) and database searched with Scaffold (Scaffold_3_00_06; Proteome Software, Portland, OR). The spectra from SACTE were searched against the SACTE predicted proteome (translation of all protein coding sequences); a protein false-discovery rate of 0.0% (probabilistic method) was reported. The spectra from SDPB6 were searched against the SDPB6 predicted proteome; a protein false-discovery rate of 0.0% (probabilistic method) was reported. Homology between SACTE and SDPB6 proteins was generated by BLAST comparison. Homology was reported when E values were less than 1e
Ϫ50 for more than 75% of the protein sequence.
RNA extraction and preparation. SDPB6 and SACTE were grown in M63 minimal medium plus either glucose or AFEX corn stover (0.5%, wt/vol) for 7 days with shaking at 30°C. The cell pellet was separated from the culture supernatant by centrifugation for 10 min at 4,500 ϫ g. Total RNA extraction was adapted as previously described (19, 40) . Briefly, 700 l of cells in 50 mM sodium acetate, pH 5.1, containing 10 mM EDTA was combined with 100 l of 10% (wt/vol) SDS, 700 l of saturated phenol (pH 4.3; Ameresco), 100 l of glass beads (400 m), and 100 l of zirconia-silica beads (1.0 mm). Cells were shaken in a Mini-Beadbeater-96 for 2 min to lyse the cells. Samples were heat shocked at 65°C for 10 min, followed by 2 more min in the beadbeater. Then, samples were centrifuged at 12,000 ϫ g for 5 min, and the aqueous layer was transferred to a new tube. Samples were extracted once with phenol (pH 4.5), twice with phenol-chloroform (1:1, vol/vol), and once with chloroform. RNA was precipitated from solution by adding 0.2 volume of 8 M LiCl to the tube and incubating the tube overnight at Ϫ80°C. RNA pellets were collected by centrifugation at 12,000 ϫ g for 20 min and washed with 70% ethanol. Pellets were dried and resuspended in 40 l of RNase-free water. DNA contamination was removed from samples by incubation with 5 l of RQ1 RNase-free DNase (Promega, Madison, WI) for 60 min and then extracted once with phenol (pH 4.5) and twice with phenol-chloroform (1:1, vol/vol), followed by chloroform extraction. RNA was precipitated by addition of 0.1 volume of 3 M sodium acetate and 2 volumes of 100% ethanol and incubation overnight at Ϫ80°C. Samples were then centrifuged at 12,000 ϫ g for 20 min, washed twice with 70% ethanol, and air dried. Samples were resuspended in RNase-free water and checked for quality and quantity with a NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA). High-quality RNA preparations had a total RNA yield greater than 5 g and an A 260 /A 280 ratio greater than 1.7. RNA stability was also checked by Agilent RNA PicoChip analysis. Finally, bacterial rRNA was removed from 5 g of total RNA with the Ribo-Zero magnetic kit for bacteria (Epicentre, Madison, WI).
RNA sequencing and analysis. cDNA library construction and Illumina HiSeq2000 sequencing were performed at the University of Wisconsin Biotechnology Center (Madison, WI). Single-ended 100-bp sequencing runs were performed, and data were demultiplexed using the CASAVA software package. Our analysis pipeline began with trimming the fastq sequences to remove low-quality bases, adapter sequences, and reads with fewer than 60 bases (41). Trimmed fastq files were then aligned to their respective genomes using the Burrows Wheeler Aligner BWAmem (42) . Data were then converted to BAM files using Samtools, and alignment statistics were calculated with Bamtools (43) . Reads with overlapping genes were then counted to quantify expression level using the R package Rsamtools. Statistical analysis was performed with the R package DEseq to identify differentially expressed genes and generate heatmaps of expression data. Scatter plots were generated with the R plot function (44) . Homology networks were created by BLAST comparison of all CAZy annotated genes in SACTE and SDPB6. Proteins with a BLAST E value of Ͻ1e Ϫ50 were connected with an edge, as were CAZy family annotations. A network was generated with Cytoscape (45) .
Nucleotide sequence accession numbers. Genomic sequences are available at NCBI RefSeq as follows: SACTE, PRJNA72627; SACTG, PRJNA61899; SDPB6, PRJNA195846; and SPB74, PRJNA48415.
RESULTS
Cellulolytic activity screen. Three strains of Streptomyces isolated from pine tree-associated insects have been previously reported: SirexAA-E (SACTE) and SirexAA-G (SACTG) from the Sirex woodwasp (20) and SPB74 from the southern pine beetle (23) . A fourth Streptomyces strain, DpondAA-B6 (SDPB6), was isolated from a surface-sterilized adult mountain pine beetle collected from a naturally attacked Pinus contorta tree near Mackenzie, British Columbia, Canada (Fig. 1A) (27) . Cellulolytic activities were significantly different among these four strains (Fig. 1) . Only two of the four strains, SACTE and SDPB6, grew well in liquid medium containing filter paper as the only carbon source (Fig. 1B  and C) . Quantitative cellulose utilization assays were performed, and these two strains deconstructed 48.9% Ϯ 2.3% and 44.3% Ϯ 3.6% of crystalline cellulose in 10 days, respectively (Fig. 1C) . The other two strains, SPB74 and SACTG, showed little to no growth in the qualitative assay, and essentially no filter paper deconstruction was determined by quantitative analysis.
Biochemical analysis of secreted enzymes. Polysaccharidehydrolyzing activities of the secreted proteins from these four strains supported significant differences between the two cellulolytic strains, SACTE and SDPB6, and the two noncellulolytic strains, SPB74 and SACTG. While all strains grew visibly on ammonia fiber expansion-pretreated corn stover (AFEX-CS [37] ) as the sole carbon source, there were significant differences in the amount of total protein secreted by each strain. SACTE gave the highest concentration of total secreted protein (167 Ϯ 5 g/ml), followed by SPB74 (75 Ϯ 11 g/ml), then SDPB6 (69 Ϯ 12 g/ ml), and SACTG (43 Ϯ 9 g/ml). When normalized to total protein concentration, the secretomes from SACTE and SDPB6 had significantly higher specific activity for hydrolysis than SACTG and SPB74 in reactions with cellulosic substrates (filter paper, Sigmacell, PASC, and lichenan), hemicellulosic substrates (xylan and mannan), and plant biomass (AFEX-CS) (P Ͻ 0.01 for all; TukeyKramer method) (Fig. 2) . The secretomes from SDPB6 had significantly higher activity than those of SACTE when reacted against crystalline cellulose (24%; P ϭ 0.0012) and cellulose III (83%; P ϭ 0.0168). In contrast, secretomes from SACTE were significantly more active than those of SDPB6 when reacted against birch wood xylan (P Ͻ 0.0001), lichenan (P ϭ 0.0409), and AFEX-CS (P ϭ 0.0160). High-performance liquid chromatography (HPLC) analysis of the products produced by the reaction of both SACTE and SDPB6 secretomes with crystalline cellulose showed that cellobiose was the primary product.
Phylogenetic and genomic analyses. Given the significant differences in biomass deconstruction activities of the four strains, we compared their genomes to gain insight into genetic differences that contribute to the phenotypes. A finished genome sequence was previously described for SACTE, and a draft sequence was described for SACTG (19, 20) . Draft genomes for SPB74 and SDPB6 were generated at the Broad Institute and Joint Genome Institute, respectively (Table 1) . Multilocus phylogenetic analysis of these four insect-associated Streptomyces strains, in addition to 13 strains with publicly available genome sequences, demonstrated that SDPB6 and SACTE are closely related species that form a monophyletic clade, as are SPB74 and SACTG. However, these two clades occur in separate lineages of Streptomyces (Fig. 3) . Genome analyses for the presence of carbohydrate-active enzymes (CAZy) revealed that SACTE had the highest percentage of CAZy genes in its genome, followed by SACTG, then SDPB6, and finally SPB74 (Table 1 ; see also Data Set S2 in the supplemental material). Genomic differences between the cellulolytic and noncellulolytic strains included specific families of glycoside hydrolases (GHs) ( Table 2 ; see also Data Set S2). Notably, SPB74 and SACTG were missing genes that encode the important cellulosedegrading families GH5, GH9, GH74, and GH48 as well as the primary xylanase families GH10 and GH11. Furthermore, SPB74 and SACTG had significantly fewer carbohydrate binding modules (CBMs) in their genomes. The CBM2 family was expanded in the SACTE and SDPB6 genomes, with 10 copies per genome, while the genomes of SPB74 and SACTG contain only two CBM2 domains each. Interestingly, the two cellulolytic strains, SACTE and SDPB6, also had the most secondary metabolite gene clusters, as predicted through antiSMASH genome-based analyses (31) . Given the dissimilarities observed in these strain's phenotypic, biochemical, and genomic analyses, we chose to focus further molecular analyses on the two cellulolytic strains, SACTE and SDPB6, to gain insights into how these organisms successfully degrade plant biomass.
Secretome analysis on pure polysaccharides. We used LC-MS/MS to identify proteins in the secretomes from SACTE and SDPB6 cultures grown in minimal medium containing cellulose, xylan, or glucose as the sole carbon source (see Data Sets S3 and S4 in the supplemental material). Relatively simple secretomes were found for both strains during growth on cellulose; 23 and 30 proteins constitute 95% of the total identified mass spectral counts from SACTE and SDPB6, respectively. In contrast, both SACTE and SDPB6 secreted a more diverse set of proteins in response to growth on either glucose (122 and 162 proteins, respectively) or xylan (92 and 125 proteins, respectively). Other than a constitutively secreted putative glucosylceramidase (SDPB6_04637) in SDPB6, the dominant proteins observed in the secretomes from xylan-and cellulose-grown cultures were absent in the secretomes of the glucose-grown cultures. In xylan-grown cultures, putative xylan-degrading enzymes were highly abundant: GH10 xylanases (SACTE_0265 and SDPB6_04909), putative xylose isomerase proteins (SACTE_5230, SDPB6_02230, and SDPB6_05756), and a xylanase from the GH11 family in SACTE (SACTE_0358) (see Data Sets S3 and S4). In both the SACTE and SDPB6 cellulose secretomes, four homologous proteins represented 76% of the total spectral counts (Fig. 4A) (the threshold for counting proteins was greater than 1% of total spectral counts; the homology threshold was a BLAST E value of Ͻ1e Ϫ50 ). All four proteins were annotated as CAZymes and include the nonredundant set of enzymes necessary to deconstruct crystalline cellulose to cellobiose and a beta-mannanase: reducing-and nonreducing-end 1,4-beta cellobiohydrolases (GH6 and GH48, respectively), a lytic polysaccharide monooxygenase (LPMO; AA10), and a beta-mannanase (GH5). When the threshold was relaxed to include proteins with more than 0.1% of the total spectral counts, the core secretome contained 14 homologous proteins that accounted for 87% of the total counts (Fig. 4D) .
One major difference between the SACTE and SDPB6 secretomes was the predominant type of enzyme produced for endocellulolytic hydrolysis of internal bonds in the cellulose chain ( Fig.  4B and C) . SACTE secreted a GH5 enzyme (SACTE_0482), while SDPB6 secreted two enzymes with predicted endoglucanase activity from the GH9 and GH12 families (SDPB6_01939 and SDPB6_04855, respectively). Furthermore, the percentage of the secretome representing endoglucanase activity was 10-fold greater in SDPB6 than in SACTE (23.1% and 2%, respectively). There were also significant differences in the detected abundance of putative cellulolytic LPMOs in each strain, 20% in SDPB6 and 7% in SACTE (SDPB6_03538 and SACTE_3159, respectively). When added to the endo-1,4-beta-glucosidase activity, 43% of the total spectral counts in cellulose-grown SDPB6 were from enzymes that cleave cellulose internally, versus 9% in SACTE. Conversely, the cellulose-grown SACTE secretome was enriched in xylan-degrading enzymes (GH10 SACTE_0265 and acetylxylan esterase SACTE_0357). The SDPB6 secretome also contained proteins with putative 1,3-beta-glucosidase and peptidase functions and a protein with unknown function (SDPB6_03112, SDPB6_02147, and SDPB6_02490, respectively). The absence of detectable spectra does not always correlate with the absence of a protein in a sample. Thus, we investigated mRNA expression to gain further insight into these differences.
RNA sequencing. To gain further insight into how SACTE and SDPB6 deconstruct and metabolize plant biomass, we analyzed the differential expression of mRNA in these strains when grown in medium containing either glucose or AFEX-CS as the sole carbon source. In total, approximately 800 Mbp and 1 Gbp were sequenced for SACTE and SDPB6, respectively. When these reads were mapped to their respective genomes, gene coverage was approximately 500 to 2,000 reads per open reading frame (ORF) (see Table S1 in the supplemental material). Variation between biological replicates was measured by pairwise comparison of normalized reads for all protein-coding genes (see Fig. S2 in the supplemental material). Linear models (slope and r 2 value) of the pairwise data demonstrate the actual fit of the data versus the theoretical perfect fit. SACTE glucose had the closest fit to the theoretical, followed by SDPB6 AFEX-CS, then SACTE AFEX-CS, and then SDPB6 glucose. Sample clustering of variance-stabilized data reflected our experimental design (i.e., glucose samples cluster to- gether and AFEX-CS samples cluster together [see Fig. S3 in the supplemental material]). Together, these data quality assessments indicate that our experiment produced biologically relevant data.
Differential expression analysis. Comparison of transcript abundance between growth in media containing either glucose or AFEX-CS as the sole carbon source identified 684 and 840 genes that were differentially expressed for SACTE and SDPB6, respectively (P Ͻ 0.05) ( Fig. 5 ; see also Data Sets S3 and S6 in the supplemental material). SDPB6 differentially expressed 84 genes with Ͼ2-fold changes and 15 with Ͼ4-fold changes (Fig. 5, green and red circles, respectively; all fold change descriptions are log 2 fold change). Similarly, in SACTE, 90 genes were differentially expressed with Ͼ2-fold changes and 23 with Ͼ4-fold changes. Interestingly, 22% of genes in the Ͼ4-fold differential expression (DE) category were CAZy annotated genes (Fig. 5, bold annotations) . To confirm this observation, we categorized all genes from SDPB6 and SACTE into broad KEGG and CAZy categories; the CAZy functional category had the greatest number of Ͼ4-fold differentially expressed genes in both strains (see Data Set S7 in the supplemental material). ABC transporters were also significantly upregulated in both strains, as were a number of metabolic pathways (carbon, starch, and benzoate) and a number of nonpolar and basic amino acid biosynthetic pathways (Val, Ile, Leu, Lys, Pro, and Arg). Lastly, SACTE upregulated five transcription factors 4-fold or greater, while SDPB6 did not have any transcription factors with a Ͼ4-fold change.
To further examine the genes in the CAZy family that may contribute to the deconstruction of plant biomass, we built a homology network of all CAZy proteins from SDPB6 and SACTE (Fig. 6) . Nodes in this network represent proteins (circles) or CAZy families (triangles), and edges represent annotations or homologous proteins (BLAST E value less than 1e Ϫ50 ). The size of protein nodes corresponds to the fold change observed in the RNA-Seq data. Only a small number of the total CAZy genes were significantly differentially expressed (Ͼ2-fold; SDPB6, 12/131, and SACTE, 17/166 [ Fig. 6 , inset; see also Data Sets S5 and S6 in the supplemental material]). However, a majority of genes that contain a CBM2 domain were significantly induced (SDPB6, 7/10, and SACTE, 8/11). Similar to the proteomic results, the RNA-Seq data identified a small combination of genes that encode enzymes to degrade crystalline cellulose to cellobiose (endoglucanase [GH5, GH9, and GH12], reducing-end exoglucanase [GH48], nonreducing-end exoglucanase [GH6], and polysaccharide monooxygenase [AA10]). The most highly induced genes in these two strains were both genes for exoglucanases: in SDPB6, the reducing-end GH48 family enzyme SDPB6_04936, and in SACTE, the nonreducing-end GH6 family enzyme SACTE_0237. Both strains also induced the gene homologous to each of these exoglucanase genes, SACTE_0236 and SDPB6_04935, respectively. Interestingly, each pair of nonreducing-and reducing-end exocellulases was concurrent in their respective genomes, which suggests coregulated expression. These two Streptomyces strains also induced homologous AA10 LPMOs in response to growth on plant biomass (SDPB6_03538 and SACTE_3159).
While the two strains induced homologous GH9 endoglucanases (SDPB6_01939 and SACTE_3717), the most highly induced endoglucanases were from different GH families. SDPB6 expressed a GH12 enzyme (SDPB6_04855), while SACTE expressed a GH5 enzyme (SACTE_0482). The homolog of SDPB6_04855 in SACTE (SACTE_5809) does not contain a CBM2 domain and was not significantly expressed. Moreover, SDPB6 does not contain a homolog of the endocellulolytic SACTE GH5 enzyme (SACTE_0482).
DISCUSSION
Streptomyces strains are found in a wide variety of terrestrial and marine ecosystems. Classically, they have been viewed as free-liv- 
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ing organisms, but recently they also have been found to be associated with eukaryotic hosts (20, 21, 23, 26, 46) . Despite the ubiquitous presence of Streptomyces in most ecosystems (10) , their capability to degrade plant biomass remains largely uncharacterized. In this study, we compared four strains of Streptomyces isolated from pine-boring insect herbivores. Using a combination of biochemical and molecular tools, we have provided insight into the biomass-deconstructing capability of these Streptomyces and the similarities and differences in enzymes they use to break down plant biomass.
Phenotypic and biochemical data showed that two of the strains, SACTE and SDPB6, are highly efficient at degrading both plant biomass and pure polysaccharides, whereas SPB74 and SACTG have limited activity on all polysaccharide substrates tested ( Fig. 1 and 2 ). Our phylogenetic analysis showed that these two pairs of Streptomyces strains are in separate lineages of the genus. Analysis of the content of CAZy genes identified important genetic differences between the cellulolytic and noncellulolytic strains. While CAZy genes are abundant in the genomes of all four strains (2.3% to 2.9%), the SPB74 and SACTG genomes are missing genes encoding critical endoglucanase, cellobiohydrolase, and xylanase families and are also depleted in CBM2 domains. The absence of these enzymes and binding modules likely impacts the ability of these organisms to efficiently deconstruct the diverse sugar linkages found in plant cell walls. From an evolutionary perspective, it is interesting to consider whether the abundance of CAZy genes in SACTE and SDPB6 represents selection toward enhanced biomass-degrading activity or whether the absence of important CAZymes in SPB74 and SACTG genomes represents specialization for another purpose, such as secondary-metabolite production. SPB74 has been shown to produce a novel secondary metabolite, mycangimycin, which inhibits growth of an antagonistic fungus of the beetle system (23, 47) . These insect-associated strains may have coevolved with their hosts to play either a nutritional or protective role. Further microbiology and genomic analyses are needed to understand the evolution of these strains and their putative symbiotic roles in these insect-microbe systems.
Proteomic and transcriptomic analyses of SACTE and SDPB6 revealed homologous and relatively simple secreted enzyme cocktails used to deconstruct plant biomass. The major exocellulases, LPMOs, and mannanases were conserved in both organisms. In contrast, the molecular data from SACTE and SDPB6 showed that these strains use endocellulases from different enzyme families (SACTE_0482, GH5, and SDPB6_04855, GH12). The genome of SDPB6 does not contain a homolog to SACTE_0482. Conversely, while SACTE has a homologous GH12 enzyme in its genome, this gene does not contain a CBM2 (Fig. 6) . We hypothesize that together with their evolutionary relatedness, the endocellulolytic activities of the GH5 and GH12 enzymes have been selected by the insect-host and environment for slightly different functional ac- tivities. The SDPB6 secretome contains twice as many cellulolytic LPMOs as does that of SACTE based on mass spectral counts (Fig.  4) , suggesting differential reliance on oxidative cellulose deconstruction in the two strains. This variation in endocellulolytic and LPMO enzymes may contribute to the small but significant differences observed in the secretome activity assays for hydrolysis of crystalline cellulose (Fig. 2) .
All highly expressed enzymes in SACTE and SDPB6 shared conserved enzyme domain architectures; i.e., they all contained a CBM2 domain linked to a catalytic domain, even though the majority of CAZy genes in both genomes are not linked to a CBM2 domain. In contrast, the SPB74 and SACTG genomes contain only two CBM2 domains (GH6_CBM2 and GH18_CBM2). This conservation of enzyme domain architecture suggests that highly cellulolytic Streptomyces strains have converged on the use of secreted enzymes fused to an individual CBM2 domain. This pattern is similar to that for fungal secreted cellulases, which primarily consist of enzymes fused to CBM1 domains (48) . It is possible that the similar, filamentous cellular morphology of fungi and Streptomyces may have selected for secretion of free enzymes with this similar domain architecture. Additionally, non-CAZy genes likely play a role in plant biomass deconstruction. Genes classified as ABC transporter genes were significantly upregulated; the products of these genes may be involved in transport of solubilized sugars into the cell. Genes in the benzoate degradation pathway were also upregulated; these proteins may deconstruct aromatic rings in lignin (49) .
This work identified two phylogenetically related strains of cellulolytic Streptomyces isolated from insect herbivores and established an overall similarity in the enzymatic apparatus they use for cellulose deconstruction. Further sampling from insect herbivore systems will help clarify how these Streptomyces and their relatively simple external aerobic enzyme complexes help insects efficiently unlock the vast amount of energy stored in the cell walls of plants. The simplicity of these cellulolytic enzyme complexes may also provide insights into how to modify the currently complex enzyme cocktails needed for the production of sustainable lignocellulosic biofuels.
